Introduction
ical compli ance measurements of a IS X 3-in SEN specimen (with an effecti ve gage length greater tha n twi ce the sp eci men width) and a 7 X 3-in SEN specimen (with an effective gage length less than twi ce the specimen width), both of %-in-thi ck 707S-T6 alumi num. For convenience, the specimens will b e referred to hereafter as " lon g" and "short" respectively.
We chose a lon g specimen to provide experimental values, derived from compliance measurements, for comparison with th e th eoreti cal stress function solutions of Srawley and Gross (1).1 We chose a short specimen to determine compliance also for a practi cal size SEN specimen that has been widely used in determination of the long-term environmental effects, principally radiation, on the crack-toughness properties of materials.
Specimens
Improvement of design criteria for hi gh-strength materials, parti cularly metals, depends on a b etter understanding of their fracture properties. Compliance measurement is a technique frequently used in attempting to ::-isolate the causes of brittle fracture experimental1y. One ~" of a family of complian ce specimens, the si ngle-edgenotch (SEN) specimen, is especially well sui ted to plate or sheet materials. Compli ance measurements of a fracture toughness SEN specimen produce the experimental analog (sometimes referred to as a compliance "calibration") of the theoretical stress fun ction solution of the axially
The specimens were fabricated from 707S-T6 aluminum, a metal well suited to the study of fracture because of its low toughness and long elastic range. Nominal specimen dimensions are given in figure L The specimens were heat treated to remove residual stresses and were ground to minimize variations in thickness. Measurements of the specimens are given in table L2
.' loaded notched elastic plate. This paper describes mechan-*The work cove red in thi s pub li cati on was supported in part by Na tiona l Aeronautics and Spa.ce Administration under contract No. R-09-022-042. a The standard deviations included uncertainties in the uniformity of the specimen dimensions and also limitations in the measurement process. The predominant factor was the variability in specimen dimensions.
b These measurements were made at the beginning of this work. The measurement technique was refined for Land W of the short specimen.
The gage length of the short specimen is defined as the distance between the load bearing edges of the specimen holes minus % the diameter of each pin. The crack length (notch length) of both specimens is the distance from the edge of the specimen to the bottom of the hole. These dimensions are illustrated in figure 2 .
The notch in the specimen was made in the following way. A hole was drilled with a 0.019·in drill, 0.150 in from the edge of the specimen at its midlength. Then, a wire was slipped into the hole and a cut was made with a O.013·in-wide jeweler's saw from the edge of the specimen to the wire. The notch was increased in steps of 0.150 in so that after the tenth cut, the notch was halfway across the specimen.
• I I I FIGURE 2. Specimen notch depth, a, and short specimen effective length, L.
Apparatus
The instruments used in the experimental work are listed in table 2. A 1O,000-lbf capacity load cell was used to measure the load. The cell was mounted in series with the specimen in a 100,000·lbf capacity screw-powered testing mao chine. The estimated errors in the load measurement did not exceed 0.15 percent of load . For our tests the extensometer was modified to use nylon bushings to replace the flexures centering the L VDT cores in their transformer bodies, a brass thumb screw spring loaded against the active LVDT core to replace the micro-F meter-screw adjustment of the core, and minor changes in the electrical circuitry [2] . A 2-in gage length Tuckerman strain gage equipped with a O.4-in lozenge [3] was used to calibrate the extensometer in an extensometer comparator. Random errors in calibration over the sevenmonth period on the short specimen ranged from 1.4 to -;, 2.9 [.tin.
Support pins for the long specimen were of different design than those for the short specimen. As the long. specimen pins were tightened in their clevises, the pins were expanded to a tight fit in the specimen holes by , means of split bushings around the pin midsections, figure • 3. The short specimen pins, simple cylinders, had a slid-i' ing fit in the specimen holes, as shown in figure 4 . The long-specimen pins, supported by roller bearings in the \ clevis, were free to r otate as load was appli ed. The pins ( co uld also be locked with respect to the clevis. The shortspecimen pins were not fix ed with resp ect either to the clevis or the specimen.
Plan of Experimental Work
Compliance (d8 /dP ) was determined for both specimens for crack len gth/specimen width (a/W ) = 0.0 to 0.5. Six load·displacement runs were made at each value of a/ W on the long specimen and three on the short specimen. The first three runs on the long specimen were made with the pins free to rotate and the second three with the pins locked. With the long specimen, the extensometer was not disturbed until the six test runs had been completed, since the extensometer was attached directly to the specimen. In the case of the short specimen, the extensometer and the specimen were removed and replaced between runs to randomize errors due to attachment of the extensometer to the pins.
The extensometer was calibrated (three runs per calibration, averaged) over a ran ge of 8000 f.tin before and after the test series on each specimen. In addition, because maximum accuracy and precision were desired for the short specimen, the ex tensometer was calibrated .for each of the notch lengths of thi s specimen. The load cell and indica tor were cali brated by dead weights before the long-specimen test series a nd b efore and after the short specim en test series.
After all tests were concluded on the lon g and short specimens, three load-displacement runs were made on a short, unnotched steel specimen in the short specimen fi xtures. The purpose of these tests was to estimate the deflection of th e pins under load from th e known ratio of the stiffn ess of aluminum to tha t of steel. I' in all y, three load-displacement runs were made on a 707S-T6 aluminum redu ced cross-section specimen to determine the value of modulus for use in evaluation of the experimental data. This specimen had dimensions simila r to th e standard plate type specimen, figure 6 of ASTM E 8-68, except that th e ends were for pin-ended connections.
. Test Procedure
The specimen was installed in the grips in the testin g machine. (The pins for the short specimen were lubricated with a hi gh-pressure lubri cant befor e being inserted into the clevis and specimen. The short specimen was centered in its grips by means of 0.003-in shims to prevent contact between the sp ecim en faces and th e clevis surfaces.) The assembly was oscillated or lightly tapped to aline it properly prior to loadin g.
An initial load, 60 lbf for the long specimen and 1000 lbf for the short specimen, was applied (and the short specimen shims were removed) to eliminate slack and nonlinear motion in the grips. The extensometer was attached and then set to an initial reading which was the same for all the tests on one specimen. After a IS-min stabilization period, three preloads were applied to an average stress level of about 12,000 Ibf/in 2 , based on specimen area at th e notch.
After each preload, the load was reduced to zero for the lon g specimen and to 1000 Ibf for the short specimen.
The loading rate was approximately 100 lbf/min. Loading was continu ous during a test run, the indicated load being read from the load cell at extensometer-extension intervals of 400 up to 7600 f.ti n. At the end of a test run 6r---,---,---,---,----r---,---,---,---,-- on the long specimen, the load was reduced to zero. Whenever possible, the next of the six test runs was made immediately (without preloads). At the end of a test run on the short specimen, the load was brought down to 1000 lbf. At this time the extensometer was removed; then the load was brought down to zero and the specimen removed. When the specimen was reinstalled in the grips, the entire test procedure (with preloads) as described above was repeated for another test run.
Reduction of Data
In line with the practice fonowed by other investigators, we wished to work with the compliance, or the slope (dB / dP), of the load.displacement relationship. It is con· venient to express the experimental compliance measure· ments in terms of Srawley's stress function solution, EWC/P2, which is related to the compliance by [4] :
This expression was derived by boundary collocation of the Williams stress function which requires that plane strain conditions exist on the specimen. It is recognized that the compliance of the short specimen also included deformation at the contact points and the deformations of the pins. See figure 5 . A linear fit by the method of least squares was sufficient to describe the load-displacem ent relationship for the long specimen. For the short specimen, however, the measure· ments indicated slight curvature in the relationship that was inadequately described by a linear fit. A third-degree fit reduced the standard deviation by 8 to 1 and was se· lected for fitting the short specimen data. Short specimen compliance was evaluated at average stress levels, based on the area of the specimen at the notch, of 5000, 6000, 7000, and 8000 Ibf/in 2 • In fitting curves to the data from both specimens, data below 1000 lbf load were dropped to minimize computer round·off errors. The data from both specimens were normalized to a specimen of nominal length 8 in and 4 in, respectively, and a thickness of 1 in. with the th eoretical values of Srawley is also shown In fi gure 6. Values of the coefficients of the polynomial fit are given in table 4 ,.
The differences between our results with the pin-assembly free to rotate and with it locked average 0.023 for aj W ratios up to 0.35. This seems to indi cate tha t limitin g th e motion of the assembly does not affect the results significantly. There is good agreement, in general, with the Srawley theoretical stress fun ction solutions, particularly for small notches. Short specimen results evaluated at four average stress levels (as di scussed in the previous section) are given in table 5 . Theoretical values of the Srawley [1] theoretical stress fun ction solutions and the experimental values of Sullivan [6] are given for comparison. Our results at 5000 and 8000 Ibf/in 2 are shown in figures 7a and 7b along with the Srawley theoretical stress function solutions.
Derived for specimens having an L/W ratio of at least 2, the theoretical stress fun ction solutions may not be completely appli cable to a specimen such as our short specimen havin g L/ W = 1.3. Also, see remarks in reference [1], pp. 8-9. In addition, deform a tion measurements made by connection throu gh th e pin s introduce effects such as the deformation around the holes not contained in Srawley's theoreti cal treatment. We estimate th e contribution of th e bending of the pins to be about 2 percent of the measured compliance valu e for the short specimen. This estimate was based on the complian ce measurement of a short steel and a short aluminum sp ecimen in the same fixtures and considering the modulus of the respective materials. From the range of the stress function values in the individual runs, the estimated standard deviations of the data for notch depths up to 1.05 ranged from 0.20 at the 5000 Ibf/in 2 level to 0.13 at the 8000 Ibf/in 2 level. For notch depths of 1.20 and greater, the estimated standard deviations increased to a maximum of 2.4 at 5000 Ibf/in 2 and 1.1 at 8000 Ibf/in 2 • As indicated previously, the specimen was removed and replaced between runs so that, in effect, each run was an independent determination for the specimen. The individual runs for 5000 and 8000 Ibf/in 2 are shown in figures 7c and 7d.
Lack of correlation between our data and those of Sullivan, who measured the compliance of a proportionally smaller specimen, is probably due to the different points of attachment of the extensometer. our case is attached across the pins, while it was attached across the grips for Sullivan's work, The complex loading configuration of these specimens does not permit direct comparison. We found, for example, that to obtain reo producible results in the setup on the short specimen, the angle between the loading area of the specimen hole and the specimen face had to be off from the perpendicular by not more than 0.002 radian. Attachment of the extensometer to the specimen would permit workers in different laboratories to compare results obtained from identical specimens directly and meaningfully. The small random errors, on the order of 7 ,uin, in the extensometer calibrations over the test period on the short specimen indicate good stability. A modification of this extensometer that could be considered in the future to 26 facilitate transfer between setups is the incorporation of a lock providing both a fixed initial gage length and fixed ~ reference point on the LVDT_
Summary
The SEN long specimen results are in good agreement with the Srawley theoretical stress function solution and with his experimental work on SEN specimens of LI W = 813. Differences in our experimental stress functions values for the long specimen with the pin assembly free and with it locked in its clevis are small and indicate that the ability of the assembly to move is not important.
The precision of the results obtained on the short specimen would be improved, in our opinion, if the extensometer were attached to the specimen, This practice would also permit workers in different laboratories to compare results obtained from identical specimens directly and meaningfully, I thank Douglas R_ Tate for his many helpful suggestions. 
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